Many type I I-compounds appear to play protective roles in Medicine, Houston, TX 77030, USA aging and carcinogenesis, as suggested by a large body of 1 To whom correspondence should be addressed indirect experimental evidence (2-4,12) and thus may be Mammalian DNA contains bulky endogenous DNA modifunctionally important in analogy to hypermodified nucleotides fications (I-compounds), which increase with age in unexin tRNA (13). Whilst structural identities and specific biological posed animals, as shown by 32 P-postlabeling. We have roles of individual type I I-compounds are as yet unknown, a examined the perinatal formation of a subclass (type II) of bulky hypermodified endogenously formed DNA base, I-compounds in rat liver, kidney, skin and lung. These β-D-glucosylhydroxymethyluracil, recently identified by I-compounds represent bulky oxidative DNA lesions, in the eukaryote Trypanosoma defined herein as intrastrand base-base and base-sugar brucei, appears to be involved in the control of telomeric cross-links, adducts of lipid peroxidation products and expression sites for variant-specific surface glycoprotein genes DNA-protein cross-links. We observed a rapid increase in and hence may control the antigenic variation of trypanosomes the levels of five bulky oxidative DNA lesions during the (15). These and other (15) results are consistent with the first hours after normal birth of rats, with total levels idea that type I I-compounds are functionally important in increasing 4.2-, 3.0-and 1.3-fold, respectively, in liver, mammalian cells also. kidney and skin. This effect was not noted in lung. The
1 To whom correspondence should be addressed indirect experimental evidence (2-4,12) and thus may be Mammalian DNA contains bulky endogenous DNA modifunctionally important in analogy to hypermodified nucleotides fications (I-compounds), which increase with age in unexin tRNA (13). Whilst structural identities and specific biological posed animals, as shown by 32 P-postlabeling. We have roles of individual type I I-compounds are as yet unknown, a examined the perinatal formation of a subclass (type II) of bulky hypermodified endogenously formed DNA base, I-compounds in rat liver, kidney, skin and lung. These β-D-glucosylhydroxymethyluracil, recently identified by I-compounds represent bulky oxidative DNA lesions, Gommers-Ampt et al. (14) in the eukaryote Trypanosoma defined herein as intrastrand base-base and base-sugar brucei, appears to be involved in the control of telomeric cross-links, adducts of lipid peroxidation products and expression sites for variant-specific surface glycoprotein genes DNA-protein cross-links. We observed a rapid increase in and hence may control the antigenic variation of trypanosomes the levels of five bulky oxidative DNA lesions during the (15). These and other (15) results are consistent with the first hours after normal birth of rats, with total levels idea that type I I-compounds are functionally important in increasing 4.2-, 3.0-and 1.3-fold, respectively, in liver, mammalian cells also. kidney and skin. This effect was not noted in lung. The Type II I-compounds, on the other hand, represent DNA results were consistent with oxidative stress induced by the damage associated with oxidative stress and have been detected known sudden increase in partial oxygen pressure at birth at low levels in unexposed tissues (10-12). This class of bulky in blood and tissues, implying inadequate antioxidant adducts includes DNA intrastrand cross-links which are formed defenses in the affected neonatal organs. Hepatic oxidative by direct oxidation of DNA (11,16-19), DNA-protein crossdamage appeared intensified by increased concentrations links (20, 21) and cyclic nucleotide adducts of lipid peroxidation of pro-oxidants and reduced concentrations of antioxidants products (22, 23) . The latter lesions comprise, for example, in the maternal diet. The postnatal DNA lesions are postuthe malondialdehyde derivative of deoxyguanosine (24, 25) , lated to be premutagenic, as indicated by their bulky nature 8-hydroxy-1,N 2 -propano-2Ј-deoxyguanosine adducts derived and persistence. Pathophysiological effects of oxidative from the α,β-unsaturated aldehydes acrolein and crotonalde-DNA damage would be exacerbated by rapid cell proliferahyde (26,27) and the 1,N 6 -ethenodeoxyguanosine and 3,N 4 -tion in neonatal tissues and consequent fixation as ethenodeoxycytidine adducts induced by epoxidized α,β-unsatmutations. In addition to inherited mutations, DNA lesions urated aldehydes (24, 28, 29) . Most of the oxidative lesions acquired as a consequence of normal birth may play a have been detected and partially characterized by 32 P-posthitherto unrecognized role in spontaneous carcinogenesis labeling, often in combination with other methods to obtain and age-related degenerative diseases. structural information. Our laboratory showed first that reactive oxygen species (ROS*) such as hydroxyl radical are able to induce bulky Introduction adducts in vitro by direct DNA oxidation (16). ROS are Mammalian DNA contains bulky covalent DNA modifications generated by Fenton type reactions, i.e. the reduction of H 2 O 2 termed I-(indigenous) compounds (1), which accumulate with by transition metal ions such as Fe 2ϩ . Some of these adducts age in tissues of unexposed animals (1-6) and are readily have also been detected in normal tissue DNA (11,16,18) detected by 32 P-postlabeling (7-9). I-compounds appear and their levels are enhanced by exposure to pro-oxidant derived from normal nutrient and intermediary metabolism, carcinogens, for example, nickel(II) acetate (18) and ferric have diverse molecular structures, as indicated by chromatonitrilotriacetate (Fe-NTA) (11). The Fenton reaction products graphic diversity and exhibit complex species-, strain-, tissue-, have been partially characterized as intrastrand base-base and gender-and diet-dependent profiles, which can be modulated base-sugar cross-links by oxidizing oligodeoxyribonucleotides by exposure to carcinogens and tumor promoters (2-5). Two (20-or 21-mers) of known sequence, followed by enzymatic hydrolysis of the oxidation products and 32 P-postlabeling (19). study (5,6,10). These rats were fed NIH-31 diet rather than Purina-5001 diet.
Oxidative stress, which occurs when ROS are produced in Tissues of fetuses (days 18 and 19 of gestation), newborns (1-4 days after amounts which exceed the capacity of the natural antioxidant birth) and preweanlings (17 to 18 days after birth) were shipped on dry-ice defenses to detoxify them, tends to increase with age in to Houston and stored at -80°C. Extrahepatic tissue was not available in this experiment.
mammals (30) . The main source of ROS appears to be mitochondrial superoxide and hydrogen peroxide production Ferric nitrilotriacetate study (31) . ROS-mediated radical damage to cellular macromolecules For Fe-NTA treatment, male 10-week old F344 rats weighing 220-230 g were obtained from Harlan Sprague-Dawley and kept on Purina-5001 diet including DNA is thought to contribute to numerous potentially and tap water. Drug treatment was performed as described earlier (11). Briefly, fatal age-related disorders, including cancer, cardiovascular Drosophila leads to a one-third expansion of lifespan (33) .
Much attention has been focused on the effects of ROS on to oxidative stress (42) . While oxidative stress has been
Radioactively labeled modified nucleotides were mapped by multidirectional reported associated with birth in rats, as indicated by a decrease anion-exchange thin-layer chromatography (TLC) on polyethyleneimine (PEI)-cellulose sheets (46) . After removal of orthophosphate and traces of radioactive in the hepatic GSH/GSSG ratio of neonates to 9% of the impurities by one-dimensional development with solvent 1 (Table I) endogenous DNA adducts in adults, the possibility that oxidatwere contact-transferred to fresh thin-layer sheets and resolved by twoive stress during the fetal-to-neonatal transition could in fact dimensional TLC. The non-polar L fractions were separated with solvents 2 and 3 (Table I ) and the polar C fractions with solvents 4 and 5. Labeled damage DNA in newborns has not been studied so far. For compounds were detected by screen-enhanced autoradiography.
this reason, we have tested the hypothesis that tissue levels of
Co-and rechromatography
type II I-compounds are altered as a consequence of normal Co-and rechromatography experiments were conducted to ascertain that birth in rats. The results showed that DNA in several neonatal matching L and C fractions on two-dimensional maps from newborn DNA, tissues exhibited significantly enhanced levels of these DNA kidney DNA exposed to Fe-NTA in vivo and DNA oxidized in vitro could adducts early after normal birth, as determined by 32 P-postnot be separated by other chromatographic systems. Matching spots were cut labeling and that the maternal diet appeared to affect the extent from replicate chromatograms and extracted with 2-propanol/6 N ammonium of this DNA damage.
hydroxide (1:1) as described (44) . After centrifugation and evaporation of the eluent, residues were taken up in water, and aliquots of the solutions to be compared corresponding to 60-100 c.p.m. were rechromatographed individu-
Materials and methods
ally and after mixing in solvents 6, 8 and 10 or 12 or in solvents 7, 9 and 11 (Tables I and II) .
Materials
Quantitative analysis Materials for animal treatments (11), in vitro oxidation of DNA (16,18,19) and 32 P-postlabeling (7,8,44) have been reported previously.
Radioactive spots were excised from the chromatograms and their count rates determined by Cerenkov assay in a Packard liquid scintillation spectrometer.
Newborn study
Appropriate blank count rates were subtracted from sample count rates. The In the main experiment, pregnant nulliparous Fischer 344 (F344) rats were levels of radioactive nucleotides were expressed as relative adduct labeling obtained from Harlan Sprague-Dawley on the 13th day of gestation and had where DNA-P represented the amount of DNA assayed (expressed in pmol DNA monomer units) and the specific activity was that of [γ-32 P]ATP used Fetuses were removed on day 20 of gestation by Caesarian section from pregnant rats, after they were killed by carbon dioxide inhalation. Fetal and in the labeling reaction. A blank-corrected sample count rate of 145 c.p.m.
corresponded to RAL being equal to 1 ϫ 10 -9 , i.e. an estimated level of one panel C) saline control DNAs showed much lower intensities.
modification in 10 9 DNA nucleotides, for 10 µg DNA and ATP with a specific
The same adducts were also substantially intensified in newborn activity of 4.5 ϫ 10 6 c.p.m./pmol (8). Since no gender-related differences versus fetal kidney DNA (maps not shown, but see data in were apparent, data from male and female neonates were combined.
Figure 4). An additional spot (adduct C5), migrating in the
The unpaired two-tailed Student's t-test was used to examine differences between means, with the significance level set at P ഛ 0.05.
upper right quadrant of C maps, was also greatly enhanced in neonatal versus fetal liver and kidney DNA (maps not shown, Results but see results in Figures 3 and 4) . This polar adduct resembled chromatographically a previously reported type II I-compound Intensification of bulky DNA adducts in tissues of newborn rats in Fe-NTA-exposed kidney DNA (11) (see Table II ). In When we examined liver and kidney DNA of perinatal F344 the additional experiment, autoradiographic profiles appeared rats by 32 P-postlabeling for the possible presence of endogenous identical to the ones shown in Figure 1A and B, but intensities modifications, DNA of normal newborns was found to display greatly enhanced intensities of several bulky adducts compared with fetal DNA. These results were obtained in two separate experiments in which the rats were fed different diets, i.e. Purina-5001 (main experiment) and NIH-31 (additional experiment). On two-dimensional TLC maps, the adducts resembled type II I-compounds (11,18). Results of the main experiment are illustrated in Figure 1 , which compares adducts L1-L4 from the non-polar (L) fraction of newborn rat liver DNA at 53 h of age (panel B) with adducts in DNA from fetal liver (panel A) and from kidney of adult rats exposed to Fe-NTA (panel D) or saline (panel C). Both neonatal liver and Fe-NTA-exposed kidney DNA displayed heavy adduct spots 1-4, while the corresponding fetal and (except for spot 4 in Figure 1 and Results. c Extracts of spots 1-5 from the DNAs indicated in column headings 3-5 were compared for identical mobility by re-and cochromatography in the solvents listed in column 2 (for solvent identification, see The levels of bulky oxidative DNA lesions, expressed as RAL respectively, in oxidized calf thymus DNA (lanes 9). As ϫ 10 10 values, depended on perinatal age, as shown for liver previously shown (19), this implied that spots 2 and 3 in and kidney in Figures 3 and 4 , respectively. In both tissues, neonatal DNA had their origins in A-A and G-N sequences, individual (L1-L4) and total (L TOTAL ) non-polar oxidative respectively. The remaining lanes 1, 4, 5 and 8 of Figure 2 lesions consistently exhibited early postnatal peaks. Fetal show the migration of spot 2 or 3 isolated from individual DNA tissues yielded low RAL values and by 432 h (18 days) peak preparations for comparative purposes (see figure legend). levels had declined to different extents. Postnatal peak levels The overall results of the cochromatography experiments in liver and kidney, respectively, were 3.3 (adduct L4) to 10.3 are summarized in Table II . Spots 1-5 from newborn DNA (adduct L1) and 1.8 (adduct L1) to 5.3 (adduct L3) times were inseparable in three solvents from their counterparts in higher than the corresponding fetal values, with all differences Fe-NTA-exposed DNA (Table II , column 3), in addition to in liver and most differences in kidney being significant by the solvents used for two-dimensional adduct mapping. This Student's t-test (P ഛ 0.05). The decline of the oxidative DNA was also true for adducts L2, L3 and C5 from neonatal lesions between the early neonatal phase and the 18-day point DNA and Fe-NTA-oxidized DNA in comparison with the was most pronounced for the direct oxidation products (adducts corresponding in vitro adducts (Table II, 
columns 4 and 5).
L2 and L3) in both organs (Figures 3 and 4) . Regarding adducts L1 and L4, both newborn and Fe-NTAAs illustrated in Figures 3 and 4 , the kinetics of formation exposed DNA showed identical behavior in that the former and removal of the adducts was tissue-dependent, with kidney was not produced in vitro and the latter was different from its DNA showing earlier and narrower peaks than liver DNA. in vitro counterpart (Table II, 
Adduct levels peaked between 8 and 100 h in liver and between The results of the cochromatography experiments taken 0 and 8 h in kidney. In both tissues, the perinatal profiles for together with previous findings (11,16,18,19) showed that: (i) adducts L2 and L3 differed from those of L1 and L4, but each of the five adducts in neonatal DNA was produced by resembled each other within each pair. This result was consistoxidative stress; (ii) adducts L2, L3 and C5 represented ent with the former adducts being direct oxidation products of intrastrand cross-links generated by direct reaction of ROS DNA and the latter being derived by other mechanisms, in with DNA; (iii) adducts L2 and L3 were partially characterized agreement with earlier findings in different systems (11,19). as 5Ј-A-A-3Ј and 5Ј-G-S-3Ј cross-links, derived from A-A Profiles of the polar adduct C5 (Figures 3 and 4) were similar and G-N sequences, respectively; (iv) adducts L1 and L4 were to those of adducts L2 and L3, again consistent with C5 being formed only in vivo; and (v) the neonatal oxidative DNA a direct oxidation product of DNA (11). lesions represented type II I-compounds. On the other hand,
The dependence of total RAL values on perinatal age is type I I-compounds were undetectable in fetal and early postillustrated in Figure 5 for the four tissues studied. Whereas natal DNAs, i.e. earlier than about 1 week after birth and were not further examined therefore.
liver and kidney exhibited substantial peaks of adduct levels being statistically significant (column 6). Peak levels had declined substantially at 432 h postnatally by 1.5-, 3.4-and 1.5-fold in liver, kidney and skin, respectively (columns 8 and 9).
In contrast to the peaks of type II I-compounds in neonates, there were no peaks of individual and total oxidative adducts for the corresponding maternal livers, which exhibited a mean total RAL ϫ 10 10 value of 92.8 Ϯ 3.9 when the measurements for all perinatal time points were combined. Thus, as also indicated by the low standard error, maternal RAL values remained stable over the entire perinatal period.
Effect of maternal diet on perinatal bulky oxidative DNA lesions
When the rats were fed NIH-31 instead of Purina-5001 diet (see Materials and methods), type II I-compounds also showed a neonatal increase, which was even greater than that observed in the main experiment. The mean total RAL ϫ 10 10 (ϮSEM) values for total hepatic adducts (nos. 1-5) were 19.8 (Ϯ0.6) for fetuses, 310.7 (Ϯ25.3) for newborns and 105.8 (Ϯ12.1) for preweanlings in this experiment. Thus, while the fetal RAL values were practically identical in both experiments, the neonatal RAL value exceeded the fetal value 15.69 times (but only 4.16 times in the main experiment, see Table III) and 
Discussion
The major results of the present study were that DNA of during the early postnatal period, the increase for skin was much smaller and no increase was apparent in lung. (The low normal newborn rats contained enhanced levels of five oxidative adducts (type II I-compounds), that levels and kinetics of levels of individual adducts have not been shown for the latter two tissues, but overall, they paralleled the total levels.) Peak formation of these lesions were tissue-dependent and that neonatal peak levels of the lesions were substantial, being levels of the oxidative lesions were 4.2, 3.0 and 1.3 times higher in liver, kidney and skin, respectively, when compared similar to or exceeding the levels in aging (24 months old) rats (K.Randerath, G.-D.Zhou and E.Randerath, unpublished with fetal DNA (Table III , column 5), with all differences Figure 5 ) are listed in column 4. Column 3 shows the corresponding time points. SEM, standard error of the mean. b Probability (t-test) that the NB peak RAL value was identical to the fetal value (P ഛ 0.05). c Probability that the NB peak RAL value was identical to the 432-h postnatal value.
results). As determined by 32 P-postlabeling, the five adducts that antioxidant defenses were adequate in this organ. This interpretation is supported by the known resistance of newborn chromatographically matched adducts induced by Fe-NTA, a pro-oxidant carcinogen in vivo and three of the five adducts rats to the pulmonary toxicity and lethality of hyperoxia at 96-98% O 2 seen in mature animals, combined with the matched adducts formed by oxidizing DNA in vitro with FeSO 4 and H 2 O 2 , i.e. under Fenton reaction conditions. In pulmonary induction of Cu,Zn-superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase and GSH levels agreement with previous observations (11), these results suggested that the oxidative adducts consisted of two groups, i.e.
in newborns, which is not seen in adults (50). Activities of antioxidant enzymes are also known to increase in lung during those generated by direct oxidation of DNA, presumably representing intrastrand cross-links (17,19) and those derived late gestation, in preparation for impending neonatal oxygen exposure (51, 52) . by indirect oxidation reactions, resulting in, e.g., DNA-protein cross-linking or DNA binding of lipid peroxidation products.
The persistence/repair of type II I-compounds after acute oxidative stress induced by pro-oxidant carcinogens has not Notably, type II I-compounds were the only bulky adducts detectable by 32 P-postlabeling of tissue DNA during the yet been defined, but the gradual increase of these DNA lesions in untreated rats with age and the kinetics of their removal first few days of life, whereas substantial amounts of type I I-compounds are being observed only at a much later stage, during the later postnatal phase suggest that their repair was incomplete. In experiments examining the repair of oxidative i.e. in early adulthood (1,2,5,10). There was no evidence for exogenously induced adducts in the neonates.
DNA damage induced in plasmids by γ-rays or H 2 O 2 /Cu(II), residual oxidative lesions were observed that were refractory The rapid formation of oxidative DNA lesions in tissues of newborn rats most likely was caused by oxidative stress to base excision repair. These adducts appeared to be susceptible to nucleotide excision repair, however, as they were associated with the sudden~4-fold increase from 25 to 100 mm Hg in partial oxygen pressure in arterial blood and removed by cell-free extracts from normal but not xeroderma pigmentosum cells, which are defective in nucleotide excision tissues at birth (47) . This interpretation was supported by the substantial neonatal decreases in the hepatic GSH/GSSG ratio repair (53) . On the basis of these results, these lesions were proposed to represent intrastrand cross-links of adjacent bases. in rats (43, 48) . Postnatal oxidative DNA damage indicated that antioxidant defense systems in rat liver, kidney and skin Such lesions would be expected to be removed by nucleotide excision repair in analogy to cyclobutane pyrimidine dimers were insufficiently developed to prevent the development of oxidative stress leading to DNA damage during the critical induced by UV-irradiation, i.e. the classical substrates for this repair system (54) . One might speculate that the highly complex early postnatal period. Consistent with this interpretation, the lipid peroxidation product malondialdehyde exhibits a transient nature of nucleotide excision repair might explain the apparent slow removal during the later postnatal phase of type II Irise after birth in rat liver and kidney (49) . Inadequacy of antioxidant defenses was also evident during the later postnatal compounds (Figures 3-5 ). This is not surprising because many examples exist in the literature for the persistence in vivo of period, as peak levels of total adducts had declined only 1.5-and 3.4-fold by 18 days in liver and kidney, respectively, while bulky carcinogen-DNA adducts (e.g. refs 55,56 and refs cited therein). the corresponding tissue weights had increased about 5-and 9-fold, implying that oxidative DNA adducts continued to be
The observed oxidative lesions could have important deleterious consequences because: (i) they are likely to cause major formed during this period. Although levels of the antioxidants Cu,Zn-superoxide dismutase, glutathione peroxidase and vitalterations of the DNA structure and thus be premutagenic; and (ii) their longevity suggests that they are poorly repaired. amin E (which are low in fetal rat liver and kidney), rise after birth (49) , this increase was apparently insufficient to suppress Furthermore, rapid cell proliferation in newborn tissues would greatly enhance mutagenesis, as cell replication is required for oxidative stress and prevent DNA damage. A neonatal imbalance in the activities of superoxide dismutase, catalase and the fixation of covalent DNA damage as mutations (for references, see 57). The presence of an A-A intrastrand crossglutathione peroxidase could have led to excess tissue H 2 O 2 concentrations, giving rise to hydroxyl radical-mediated link as one of the oxidative lesions (spot 2, Figure 1 ) may be related to the frequent mutations of the 61st codon CAA in DNA lesions.
The tissue specificity of the perinatal adduct profiles may the ras proto-oncogene to CGA or CTA by the pro-oxidant tumor promoter 12-O-decanoylphorbol-13-acetate (58-60). In be explained by differences in both oxidative metabolism and antioxidant defenses. The lack of the effect in lung suggests human non-polyposis colon cancer patients, an important inactivating mutation involves one-and two-base deletions in experiments directed at the prevention of neonatal DNA damage in both model systems and humans. a sequence containing 10 contiguous adenines of a TGF-β receptor gene essential for growth control (61). One may speculate, therefore, that neonatal oxidative DNA damagethus play a hitherto unrecognized role in spontaneous carcinogenesis. The hepatic accumulation of certain bulky oxidative DNA adducts, but probably different from the oxidative adducts References reported here, was proposed as a factor in the initiation of (63) 
DNA damage and such experiments are currently underway
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